Abstract Adult mammalian skeletal muscles possess a stem cell population, called muscle satellite cells. Satellite cells mainly contribute to restoring damaged or diseased muscles. The migration of satellite cells plays an important role in muscle regeneration, and it has been traditionally thought that satellite cell migration is regulated by lamellipodial/filopodial formation. In addition, it has recently been thought that blebbing/amoeboid formation plays an important role in satellite cell migration. On the other hand, the method/mechanism(s) of the migration of satellite cells located within skeletal muscles in vivo has barely been elucidated. However, because, in recent years, in vivo real-time imaging of satellite cell migration in skeletal muscles has been reported, it is expected to markedly expand our understanding of satellite cell migration in vivo. This review will focus on the regulatory mechanism of satellite cell migration in vitro and new insights into in vivo satellite cell mobility using real-time imaging.
Introduction
Adult mammalian skeletal muscles exhibit a marked capacity for regeneration in response to trauma and disease 1) . The processes by which this regeneration occurs are mainly attributed to muscle stem cells, termed muscle satellite cells, which are located between the basal lamina and sarcolemma of skeletal myofibers 2) . In recent years, satellite cell migration has become a more fascinating topic in terms of the multiple behaviors of satellite cells related to muscle regeneration, e.g., activation, proliferation, differentiation, and fusion. Formerly, it was suggested that satellite cells migrated to the site of injury to restore cellular tissue [3] [4] [5] [6] , and, in fact, by taking advantage of this property, the transplantation of satellite cells or other myoblasts has been attempted in curing muscle disease such as muscular dystrophy 6, 7) . However, the regulatory mechanisms of satellite cell migration within skeletal muscle remain unknown, and this lack of knowledge contributes to the lack of success of this therapy 8) . Therefore, it is urgent that the regulatory mechanism of satellite cell migration in vivo be further studied. This review will focus on the regulatory mechanism of myogenic cell migration recently reported in vitro, and new insights into in vivo satellite cell mobility using a new real-time imaging method.
Fundamental regulatory mechanisms of satellite cell migration in vitro
For many years, the properties of satellite cell mobility have been aggressively explored in vitro. Multiple growth factors such as hepatocyte growth factor (HGF), transforming growth factor-beta (TGF-beta), and basic fibroblast growth factor (bFGF) are able to induce the migration of satellite cells, and these migrations show chemotaxis in response to a positive concentration gradient of these growth factors [9] [10] [11] [12] . In particular, it has been thought that HGF is one of the primary triggers of satellite cell migration 9, 11, 12) . The receptor of HGF is the tyrosine kinase receptor c-Met, which is specifically expressed on the surface of satellite cells [13] [14] [15] . Under HGF binding, c-met induces the activation of phosphatidylinositol 3-kinase (PI3K); and, subsequently, the activation of N-WASP and WAVE2 is induced. Then, activated N-WASP and WAVE2 cause the polymerization of actin filaments though activation of the Arp2/3 complex, leading to the formation of lamellipodia and filopodia. Finally, the migration of satellite cells has been traditionally explained by the force generated by lamellipodial and filopodial motion [16] [17] [18] [19] [20] [21] [22] . Recently, the importance of a novel migration mechanism without lamellipodia-based propulsion has been indicated in various cell types such as tumor and embryonic cells 23, 24) . This novel migration mechanism is called blebbing, also known as the amoeboid-based mechanism. Although the exact regulatory mechanism of blebbingCorrespondence: mineishido@gmail.com
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based migration remains unclear, the simple process is as follows. Blebs are spherical membrane protrusions without actin polymerization. Blebbing is initiated by the local disruption of membrane-actin cortex interaction, and then is followed by the extension of plasma membrane protrusions into the extracellular matrix by local changes in the internal hydrostatic pressure of cells. Subsequently, the protrusion of the plasma membrane, i.e., blebs, is retracted by the contraction of the polymerized actin cortex, which is regulated by the Rho pathway. Finally, the bleb lifecycle, involving its expansion/retraction, provides propulsion for cell movement 23, 24) . Recently, in addition to tumor and embryonic cells, it was reported that satellite cell migration was mediated by a blebbing mechanism 25) . Interestingly, this study suggested that satellite cells may make use of lamellipodia-and blebbing-based migration depending on the surrounding environment, although the regulatory mechanism(s) governing these migrations remains unclear. A scheme of these two methods of satellite cell migration is shown in Fig.1 .
Behavioral characteristics of satellite cell motility using in vivo real-time imaging
The regulatory mechanism of the migration of satellite cells localized within skeletal muscle remains unknown because, until now, it has been technically very difficult to investigate living satellite cells in vivo. However, recently, we demonstrated in vivo real-time imaging of satellite cells localized within skeletal muscle using quantum dots (QDs) conjugated to anti-M-cadherin antibody 26) . Moreover, this study indicated that satellite cells migrated toward an injured site in injured muscle, while no spatiotemporal change in satellite cells occurred in intact muscle. In addition, by in vivo real-time imaging, we reported that cell migration was induced by exogenous HGF in intact skeletal muscle; and that the cell migration velocity was enhanced in response to an increasing exog- enous HGF concentration in skeletal muscles, suggesting that migrating cells may be satellite cells 27) . Thus, these reports raise the possibility that satellite cell mobility may be artificially regulated using exogenous HGF. In the future, the combination of exogenous HGF treatment and the in vivo real-time imaging method is expected to reveal the behavioral characteristics and regulatory mechanism, e.g., lamellipodial and blebbing motility, of satellite cell migration in skeletal muscles.
